The uptake and elimination of metals from welding fumes is currently not fully understood. In the Aachen Workplace Simulation Laboratory (AWSL) it is possible to investigate the impact of welding fumes on human subjects under controlled exposure conditions. In this study, the uptake and elimination of chromium or chromium (VI) respectively as well as nickel was studied in subjects after exposure to the emissions of a manual metal arc welding process using low or high alloyed steel. Methods: In this present study 12 healthy male non-smokers, who never worked as welders before, were exposed for 6 h to welding fumes of a manual metal arc welding process. In a three-fold crossover study design, subjects were exposed in randomized order to either clean air, emissions from welding low alloyed steel, and emissions from welding high alloyed steel. Particle mass concentration of the exposure aerosol was 2.5 mg m −3
can be measured immediately after the work shift, while the same is not possible for nickel exposure due to lower nickel bioavailability. The data provide useful information for real occupational welding work places.
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In trod uctIon
Depending on the base material and additives, welding fumes consist of different constituents, mainly metal oxides. Some of these metallic compounds like nickel and nickel compounds as well as chromium (VI) compounds are considered as carcinogenic. They are classified as carcinogenic substances category 1 from the German Research Foundation (DFG) in the form of inhalable aerosols and dusts (DFG, 2006 (DFG, , 2012 . The Scientific Committee on Occupational Exposure Limits (SCOEL) advises the European Commission on Occupational Exposure Limits of chemicals in the workplace. SCOEL lists nickel excluding metallic (elemental) nickel as carcinogen group C, which means as a carcinogen with a practical threshold (SCOEL, 2011) . Chromium (VI) trioxide is listed as carcinogen category 1 and chromium (VI) compounds with the exception of barium chromate as carcinogen category 2 (SCOEL, 2004) . It is known that welding fumes may cause adverse health effects, such as inflammation, nitrosative stress, or oxidative stress (Antonini et al., 1998; Han et al., 2005; Palmer et al., 2006; Schaller et al., 2007; Scharrer et al., 2007) . Long-term exposure to welding fumes is supposed to cause severe lung diseases (Akbarkhanzadeh, 1980; Hansen et al., 1996; t Mannetje et al., 2012; Wittczak et al., 2012; Zober and Weltle, 1985) .
For a better risk assessment it is crucial to know the relation between ambient concentrations of welding fume and its constituents and the resulting internal exposure of workers. Although profound knowledge on uptake and elimination of nickel and chromium containing welding fumes already exists, this knowledge is based on case studies (Schaller et al., 2007) , field studies (Brand et al., 2010) , and is to some extend derived from mathematical calculations (Tossavainen et al., 1980) . Detailed information about the chemical composition of the welding materials or the working history of exposed persons and this way exposure and previous uptake of the welders under investigation are mainly unknown.
In the present paper the uptake of chromium and nickel from welding fumes produced by manual metal arc welding (MMAW) of low and high alloyed steels is investigated under controlled conditions in healthy human subjects. The objective of this study was to assess the inner burden with those toxic substances using human biomonitoring methods (HBM) after a single exposure and pointing out the influence of the different solubility of soluble chromium species compared to insoluble nickel species. Results may contribute to improved or adjusted safety measures for welders.
M EtHods

Subjects
Twelve healthy, non-smoking, male non-welders with normal lung function (Quanjer et al., 2012) , aged 19-28 years, participated in the study. The study design was approved by the ethics committee of the medical school of the RWTH Aachen University. Informed written consent was obtained from each participant prior to inclusion.
Study design
Participants entered the Aachen Workplace Simulation Laboratory (AWSL) in groups of four subjects after urine collection and a lung function test directly prior to entering the AWSL (t = 0 h). At the end of the sixhour exposure, again a urine sample was collected and a lung function was performed (t = 6 h). Participants entered the AWSL in intervals of 30 min. Exposure was performed in the AWSL in a three-fold crossover study, including a control exposure with filtered air, an exposure with 2.5 mg m −3 low alloyed steel welding fume, and an exposure with 2.5 mg m −3 high alloyed steel welding (HASW) fume in randomized order (see Table 1 for the detailed schedule).
Exposures were performed for 6 h in 1-week intervals. Every hour during exposure, participants had to do physical exercise for 10 min cycling, an exercise bike with 80 W.
A concentration of 2.5 mg m −3 was chosen in order to comply with the German occupational exposure limit for respirable fumes of 3 mg m −3 (AGS, 2006) . For purposes of human biomonitoring of chromium and nickel, a urine sample was collected directly before and after exposure. To ensure quality of the urine samples, creatinine was determined in all samples.
M At E r I A L s
For exposure with the fumes from welding high alloyed steel, a Thermanit JE Special (Böhler Thyssen Schweisstechnik Deutschland GmbH, Bad Krozingen, Germany) welding electrode was used. For the production of fumes from welding of low alloyed steel, a Phoenix 120 K (Böhler Schweisstechnik Deutschland GmbH) was used. Table 2 shows the typical analysis of the weld deposit according to the data sheet of the electrodes. The low alloyed steel contained less than 0.1% of chromium and nickel, the high alloyed steel was a X5CrNi18-10 steel which means it contained 0,05% carbon, 18% chromium, and 10% nickel.
For the welding fume analysis, Macherey-Nagel 640w, 150 mm ashless filter circles, grey label were used.
Exposure technique
The welding was performed within the AWSL (Brand et al., 2012) . In the current study, welding was performed directly in the exposure laboratory, separated from the participants through a curtain which was open to the laboratory ceiling in a height of approximately 2 m. Exposure was performed for 6 h with a short break (15 min) after 3 h. Room air was mixed by the air entering the room by four ceiling diffusors.
To reach the target average particle mass concentration of 2.5 mg m −3 , complete electrodes were welded in intervals of ~10 min. By doing so, particle mass concentration in room air increased to a maximum of less than 6 mg m −3 for a short period of time and then slowly decreased again (see Appendix). 
Measurement technique
Particle mass concentration was measured using a Tapered Element Oscillating Microbalance (TEOMseries 1400A, Thermo Electron Corporation, Madison, WI). Particle number and size distribution was measured using a Fast Mobility Particle Sizer (FMPS-TSI Incorporated model 3091, Shoreview, MN). These instruments allow real-time measurements of the particle properties, particle mass, particle number, and particle size.
Three static air filter samples were taken on a day of welding high alloyed steel and the composition of chromium, chromium (VI), and nickel was determined. Sample preparation for nickel and total chromium were carried out by digesting ~50 mg of fume in Tölg digestion vessels at 275°C for 4 h using a mixture of 5 ml nitric acid (65%), 10 ml hydrochloric acid (37%), and 5 ml hydrofluoric acid (38%). Determination of chromium (VI) was performed on the basis of the American National Institute for Occupational Safety and Health (NIOSH)-protocols (NIOSH, 1994) . The limit of detection (LOD) for chromium was 0.07 mg l −1 and for nickel 0.05 mg l −1 . These analyses were performed at the Institute for Welding and Joining Technique (ISF) using an atomic absorption spectrometer (Flame AAS NovAA 300, Analytik Jena, Jena, Germany). Chromium and nickel concentrations in urine samples were determined with a high resolution continuum atomic absorption spectrometer (HRCS-AAS ContrAA 700, Analytik Jena) according to methods of the DFG (Angerer, 1982; Fleischer, 1988) . For chromium and nickel, the LOD was 0.5 µg l −1 urine. Samples below the LOD are presented with a value half of the LOD, i.e. 0.25 µg l −1 . We participated repeatedly and successfully at round robins from the Institute of Occupational, Social, and Environmental Medicine of the University of Erlangen-Nuremberg (http://www.g-equas.de).
Statistics
The statistical analysis was performed with IBM SPSS-Software (SPSS version 21 for windows). For each endpoint variable Y i , the differences ΔY i,6h-0h between post exposure Y i,6h and pre-exposure Y i,0h were calculated. The zero-hypothesis was tested using a t test on a 5% level. Normal distribution was tested with a Kolmogorov-Smirnov test for each variable. Different welding techniques were compared via univariate analysis of variance (ANOVA) with repeated measures comparing the differences between post and pre-exposure ΔY i,6h-0h on a significance level of 5%, with emission type as the independent, and metal concentrations in urine as the dependent variable, and Greenhouse-Geisser adaption.
Data represented as box plots with whiskers and outliers have to be interpreted as follows: the lower whisker represents the minimum value, the upper whisker the maximum value, the lower line of the box plot represents the first quartile, the upper line of the box plot represents the third quartile, and the line in the box plot represents the median. Moderate outliers are marked with circles.
r E suLts
Particle measurement
In Table 3 , information about the average particle mass concentration, on each of the 9 exposure days, is presented. In Figure A1 and Figure A2 in the Appendix, an example of the time course of particle number and particle mass during a day of exposure is given.
Welding fume analysis
Welding fume analysis was performed in a fume box according to DIN EN ISO 15011. Welding fume during welding of high alloyed materials was collected on filters and was analysed for their content of chromium, chromium (VI), and nickel. Welding fume metal concentrations and resulting values for metal air concentrations as well as the exposure duration are given in Table 3 . The results of three filter samples were averaged to determine the metal concentrations in air (Table 3) .
Human biomonitoring
Human biomonitoring for nickel and chromium was performed in urine. Creatinine levels were mainly (68 out of 72 samples) in the range from 0.3 g l −1 to 3 g l −1 as proposed from the guidelines of the human biomonitoring commission from the German Federal Environmental Agency (HBC, 2005) . Three samples of participant 2 were above 3 g l −1 but were not excluded. Numeric HBM results for chromium and nickel in urine are listed in Table 4 including the number of measurements below the LOD. Detailed results of chromium and nickel analysis are listed in Table A1 in the Appendix.
The differences between the two time points Y i,6h and Y i,0h respectively after exposure and before exposure were generated for each participant. According to the data above, the box plots of the differences are shown in Figure 1 .
The effect of the high alloyed welding fume on urinary chromium levels directly after the 6-h lasting exposure is clearly visible. Univariate ANOVA with repeated measures shows a significant influence of the exposure scenario on chromium concentration in urine (P = 0.001). Only participants exposed to high alloyed welding fumes show a significant change of the difference in urinary chromium concentration comparing the metal concentrations in this scenario pairwise with those of the other scenarios (data not shown). The mean nickel levels remain nearly unchanged and were not significant.
dIscuss Ion
Welding process As shown in Table 3 , the target concentration of the exposure scenario was thoroughly controlled. Because of the slight deviations in the average particle mass concentration due to the interrupted welding process, total exposure time differed also accordingly between the participants in the range of several minutes (Table 3) .
Comparison to state of the art air metal concentrations In the German Technical Rules for Hazardous Substances for Welding work-TRGS 528-(AGS, 2009), a value of below 0.03 mg m −3 chromium (VI) in air is given as state of the art for manual metal arc welding workplaces with a fume exhaust system. In our exposure scenario, this value was overridden nearly twice with a mean value of 0.055 mg m −3 without a fume exhaust system. In the (AGS, 2009) respirable nickel values in air of manual metal arc welding, work places with a fume exhaust system of below 0.050 mg m −3 are reported as state of the art. We measured a mean of 0.029 mg m −3 nickel and thus, a concentration of about half that size. Also the maximum air level of nickel does not exceed this guidance value. The mean particle mass concentration in room air of 2.5 mg m −3 was lower than the former workplace threshold limit of 3 mg m −3 for the daily average of respirable fumes. The German Occupational Exposure Limit for respirable fumes of 3 mg m −3 must not be exceeded as a mean value on a single work shift. Particle mass concentration must not exceed the 2-fold mean particle mass concentration (AGS, 2006) . If these values cannot be guaranteed, safety measures like a fume exhaust system or respiratory protection has to be provided.
Environmental human biomonitoring data and physiological retention It is known from environmental data of the German general population that there is a upper reference value of nickel of 3 µg l −1 nickel (UBA, 2001) . A study from Belgium reported a 95th percentile of 4.7 µg l −1 nickel in urine (Hoet, 2013) . The background burden of chromium in the German general population is below the BAR of 0.6 µg l −1 . From 72 urine samples, 11 nickel values and 24 chromium values were below the LOD. All data except chromium before exposure to HASW were normal distributed. The reason for this exception is one chromium value lying exactly on the LOD of 0.5 µg l −1 and not below the LOD, like all the other data in the set resulting in a value of half the LOD i.e. 0.25 µg l −1 . With the data being normally distributed, we could perform an ANOVA with repeated measurements.
We saw a physiological retention effect occurring after high alloyed welding fume exposure and affecting the measurements of other exposure scenarios. For the detailed schedule, see Table 2 . Unfortunately there was only one low alloyed steel welding scenario in the first week and following this first scenario, the three HASW scenarios followed directly. This circumstance results in a small, but visible retention effect for chromium (below a maximum value of 3.2 µg l −1 ) which was measurable in every subsequent experiment until the end of the study.
Median urinary nickel concentrations were with two exceptions in the normal range below the German reference value for nickel in urine of 3 µg l −1 for all exposure scenarios (UBA, 2001) . It is shown that the range in all cases except for the pre-exposure urines on zero emission days have shown maximum values of above 4 µg l −1 urine. These elevated levels are due to two subjects (Subject 2 and 11). Subject 11 was in 4 out of 6 cases above 4 µg l −1 and the other two times near 3 µg l −1 . Complete data is shown in the Appendix. There were no significant differences of urinary nickel concentrations in urine depending on the exposure scenario which is due to the water insolubility of the nickel species, namely NiO, NiO 2 , and Ni 2 O 3 (DFG 2006; DGUV 2008) .
In Figure 2 , the HBM results for chromium of the first group are presented in chronologic order. First exposure was to low alloyed welding fumes, followed by a high alloyed welding fume exposure. After that a zero emission experiment was performed. A shown in Figure 2 , there is strong evidence that there must have been physiological retention from the high alloyed welding fume experiment to the zero emission scenario. 
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Similar observations can be attained within the groups two and three as shown in Figure 3 . Before theHASW, all chromium concentrations were below the LOD. Afterwards, urinary chromium was between 11.7 and 28.3 µg l −1 . In the following weeks, regardless whether low steel welding fume exposure or zero experiment was performed, chromium urinary levels were only in 4 out of 40 cases below the LOD.
Comparison to field studies Although there had been slight physiological retention effects, our data still are valuable because they are close to real welding workplace conditions. For example, particle mass concentrations of up to 5 mg m −3 were reported in real welding work places (Weiss et al., 2013; Zugasti et al., 2012) . As cited in (Weiss et al., 2013) , respirable upper total interquartile range of total chromium and nickel concentrations from differing welding processes were reported with values of 0.023 mg m ). The maximum respirable total chromium air concentration was 0.526 mg m −3 (Weiss et al., 2013) . Unfortunately no manual metal arc welding process was discussed at Weiss et al. (2013) and no chromium (VI) air measurements were reported. Thus, we could not compare the data from the chromium (VI) concentration within the AWSL to their study. ). Unfortunately no pre shift urine samples were collected and again no information about the chromium (VI) content in the air was reported. Given a certain bias of previous welding works, these data seem to correspond to our findings but lacking the pre shift urine measurements; these data allow only limited conclusions about the way the welding process affects urinary chromium levels. Rahkonen et al. (1983) reported biomonitoring data of 10 manual metal arc (MMA) welders. Urine samples were collected during the workweek and in a follow-up investigation after two consecutive days of welding. In case of 5 workers pre and post shift urine samples were collected. Chromium room air concentrations were assessed using personal sampling techniques and urine samples were collected. Mean chromium air concentrations were 0.150 mg m −3 (AWSL: 0.095 mg m −3 ) with a maximum concentration of 1 mg m −3 . Mean pre shift chromium levels were already very high with 36.3 µg g −1 creatinine and rose to 49.7 µg g −1 creatinine (AWSL: 18.6 µg l −1 ). Chromium (VI) concentration of only five air samples are presented including human biomonitoring data. The resulting relationship of hexavalent chromium and urinary chromium is of weak statistical power. Taking into account the unknown bias of earlier welding works, the value of these data is again limited.
Human biomonitoring results and metal air concentrations of 36 MMA welders welding solid steel were also presented by Mutti et al. (1983) Comparison to previous studies in the AWSL In contrast to another study regarding a gas metal arc (MAG) process (Gube et al., 2013) with the same particle mass concentration of 2.5 mg m −3 , we did not detect an elevated excretion of nickel in urine. The amount of nickel in room air can explain these findings. While in the study reported by Gube et al. (2013) , the amount of nickel in air was 0.12 mg m −3 resulting in a mean urinary nickel difference between post and pre-exposure of 1.22 µg l −1 ; in this study, only 0.029 mg m −3 nickel in room air were observed. That is four times less nickel than in the room air of the former study. The resulting effect would have been about 0.3 µg l −1 and this might have been too small to be detected.
Total chromium and chromium (VI) levels in the air in the study of Gube et al. (2013) . We expected an increase in our study due to a higher amount of soluble chromium (VI) of 0.055 mg m −3 in the air according to the EKA correlation which could be confirmed with a urinary chromium mean value of 18.5 µg l −1 . The total chromium concentration in air was 0.095 mg m −3 in the recent study and thus three times lower than in the study of Gube et al. (2013) . With the amount of chromium (VI) in room air being seven times higher in the recent study, the amount of urinary total chromium was 11 times higher. This is interesting because total chromium levels were lower in the recent study.
Different welding materials and especially the different welding process may explain these findings. Different and better soluble total chromium species or chromium (VI) species are generated using the manual metal arc welding process, thus increasing the physiologically available chromium amount.
Comparison with the EKA correlation
The Commission for the investigation of Health Hazards in the workplace of the German Research Foundation derived the EKA correlation for humancarcinogenic working materials from field studies because it is not possible to derive a reference value bearing no risk for human-carcinogenic substances.
The correlation on 'exposition equivalents for carcinogenic working materials' (EKA) provides information about the external, respirable concentration of a carcinogenic working material, and the resulting inner burden of a person. For chromium (VI), the EKA describes the amount of chromium in urine if only soluble alkaline chromate of a certain concentration were inhaled over a work shift without other sources of exposure like dermal exposure. The German EKA correlation for chromium is valid for soluble, hexavalent welding fumes as well.
In Figure 4 , ambient monitoring data and human biomonitoring data of the current study are compared to the EKA correlation for chromium (VI) in air and resulting urinary chromium concentration (DFG, 1989) . The mean value of chromium (VI) (encircled data point) in combination with the urinary chromium levels fit very well in the EKA-concept. All single urinary chromium data points from the AWSL are shown as well (squares).
In contrast, an existing nickel EKA-correlation is not valid for our setup because several work shifts would have been necessary due to the low solubility of the emitted oxides which are not immediately bioavailable. These results are also consistent with our findings for nickel (Figure 1 ).
Adsorption distribution metabolism excretion
Given a certain exposure scenario, the inner dose depends on differences in ADME (adsorption-distribution-metabolism-excretion). These differences can explain the variability of the observed chromium levels in urine from 7.11 to 34.62 µg l −1 . For example, differences in the breathing patterns resulting in different amounts of deposited particles. The workload for the participants was the same for the participants due to one 10-min lasting exercise of 80 W they had to perform every hour. We found no correlation between the inner dose and the FEV 1 or the FVC.
We detected physiological retention of chromium from experiments using high alloyed welding fumes. The biological half life of inhalable chromium aerosols is reported to be between 4 to 10 h in a first step and in a second step in the range of several weeks (DFG, 2012) . As shown in Figure 2 , after a week there were still measurable amounts of chromium in urine. The excreted chromium shows no constant decrease after high alloyed welding fume exposure. This may indicate a slower uptake and elimination process due to lower bioavailability of parts of the aerosols, namely less soluble chromium (III) or chromium (VI) species. The most important species emitted during the welding process are the metal oxides. It is already known that trivalent Cr 2 O 3 is water insoluble. In contrast, the water solubility of hexavalent CrO 3 is very good (IARC, 1990; DGUV, 2008) .
However, the differences between the time points post and pre-exposure allow the interpretation of the data as shown in Figure 1 . This means that no increase after low alloyed steel exposure could be detected, which is highly plausible because this sort of steel contained no relevant amounts of chromium.
Future studies investigating the kinetic of heavy metals should therefore rely on more urine samples which should be already taken during exposure and especially over several hours and days after exposure in order to gain more monitoring data points from Figure 4 EKA-Correlation for chromium (VI) aerosols and inner burden in urine compared to the AWSL data of the 12 participants belonging to the high alloyed welding fume scenario (encircled: mean post urinary chromium value, squares: single post high alloyed welding fume exposure urinary chromium).
the beginning uptake and later elimination of the analytes. Exposure scenarios lasting over several days to simulate a whole workweek would be of interest with regard to the increase of less soluble compounds.
con cLus Ion
To the authors knowledge, this is the first time that defined high emissions of manual metal arc welding fumes without biases of former exposures, and other bystander exposures, and the resulting inner burdens can be reported. The obtained data match to existing field studies and real occupational working places in terms of particle mass concentration and metal concentrations in room air as well as according HBM results.
Although the mean values of chromium in urine fits very well in the EKA-correlation, we could demonstrate that the elimination of chromium differs widely within the participants' urines while the ambient circumstances were kept nearly constant for all 12 volunteers. The variability of urinary chromium could be explained by a reduced bioavailability due to a certain fraction of chromium (III) oxide particles or less soluble chromium (VI) particles.
The results underline the principle of the HBM concept which means that the measurement of the real inner dose is more meaningful than regarding only ambient data, which on the other hand also provides valuable information.
We observed a small retention effect which might be due to the biphasic elimination kinetic of chromium. More and wider spread data points in future studies could provide additional information about the elimination kinetic and the relationship between urinary chromium and deposited particles. It is known that poorly soluble nickel compounds cannot be monitored at once. Repeated experiments would allow the investigation of uptake and elimination of more insoluble nickel compounds as well. Regarding the differences in emission profiles of several welding techniques, mainly resulting in different metal concentrations in air but also particle size and number, it seems promising to investigate these techniques analogue to the study performed here. Figure A1 . Time course of the particle number (above) and particle mass concentration (bottom) on a day with low alloyed welding fume exposure. Dashed line represents target particle mass concentration. Line with big amplitude is actual particle mass concentration. Line with small amplitude is median particle mass concentration. Figure A2 . Time course of the particle number (above) and particle mass concentration (bottom) on a day with high alloyed welding fume exposure. Dashed line represents target particle mass concentration. Line with big amplitude is actual particle mass concentration. Line with small amplitude is median particle mass concentration.
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